The CloVR-Microbe pipeline performs the basic processing and analysis steps required for standard microbial single-genome sequencing projects: A) Whole-genome shotgun sequence assembly; B) Identification of protein and RNA-coding genes; and C) Functional gene annotation. B) and C) are based on the IGS Annotation Engine
Software
Step qual files with the same name prefix. As a default, sffToCA is run with the following parameters, which were optimized for data generated with the 454 GS FLX XLR Titanium platform: "-clear 454" sets the clear range for each sequence read "as is", using the clear range determined by the 454 sequencing machine; "-trim chop" erases sequences outside of the 454 clear ranges. If paired-end data are being used as input, a 454 linker has to be specified as either "-linker flx" or "-linker titanium", depending on the 454 sequencing platform generation that is being used. In addition, an insert size range has to be selected, e.g. "8000 1000" where the first number specifies the average insert length (8 kbp) and the second number the standard deviation (1 kbp). More than one .sff file can be used as input for sffToCA, which produces a single .frg file that serves as input for the assembly step.
A.1.1.2. Assembly
For the assembly process, Celera Assembler is run with the "runCA" executive script, using default parameters. Alternatively, a "spec file" can be provided by the user to select alternative parameters for the assembly process. Spec file examples can be downloaded from the Celera Assembler documentation page (http://sourceforge.net/apps/mediawiki/wgsassembler/index.php?title=RunCA_ Examples). The assembly step generates a number of different output files. First, assembly statistics are collected in a .txt summary report file. Second, .fsa (FASTA) files are generated as the direct assembly output, which serve as the input for the Gene Finding step. Third, a .asm file is generated, which can be used in combination with the .frg file from the sffToCA output to generate the .bnk file for visualization of the assembly results with the Hawkeye assembly viewer [12] .
A.1.1.3. Celera assembly visualization
Using information from the raw sequence data (.frg) and the sequence assembly (.asm), a .bnk file is generated with the "toAmos" and "bank-transact" tools (http://sourceforge.net/apps/mediawiki/amos/index.php?title=Hawkeye). The .bnk file serves as the direct input for the Hawkeye assembly viewer [12] , which itself is not part of the CloVRMicrobe pipeline and which is not installed on the CloVR virtual machine image.
A.1.2. Assembly with the Velvet Assembler
In the case of assembling Illumina-based WGS sequence data, the Velvet assembly program [2] can accept as input any combination of short or long read data (with or without paired ends) in FASTQ or FASTA format. Additionally, start and end hash length parameters are required for kmer counting that Velvet performs, which must be odd values, and by default are "19" (start) and "31" (end). For paired-end data an insert-size and standard deviation must be provided, e.g.
"-ins_length 300 -ins_length_sd 50". Velvet outputs a .fasta file of all sequence contigs of at least 500 bp in length.
A.1.3. Split assembly into separate contigs
The following two steps of the CloVR-Microbe pipeline, B) Gene Finding and C) Annotation, are performed on each individual scaffold and/or contig from the WGS assembly separately. This is advantageous, as it allows for parallelization of processes.
B. Gene Finding B.1. Identification of RNA genes B.1.1. Identification of ribosomal RNA genes Ribosomal RNA (rRNA) genes are identified with the RNAmmer tool [5] . Contig FASTA files (.fsa) are used as input to run RNAmmer with the "bac" option, which specifies "Bacteria" as the superkingdom of the input sequence source and the "lsu,tsu,ssu" option, which specifies the molecule types to search for as 5S/8S rRNA, 16S/18S rRNA, and 23S/28S rRNA. This step generates as output a .txt summary report file and gene coordinate files in the BSML, .xml, and .gff file formats, though these particular files are not downloaded at the end of the pipeline.
B.1.2. Identification of transfer RNA genes
Transfer RNA (tRNA) genes are identified with the tRNAscan-SE tool [4] , which is run on FASTA files (.fsa) with the "-B" option to use the bacterial model for the prediction of tRNA genes. This step generates .txt coordinate file of all tRNA genes and a BSML (.bsml) file as output.
B.2. Identification of coding genes (CDS)
Open reading frames (ORFs) coding for proteins (CDS) are identified using the Glimmer3 software package [3] . The execution procedure is derived from the iterative self-training mode of operation described in the software documentation, which is available from the project website (http://www.cbcb.umd.edu/software/glimmer).
B.2.1. Identification of training set to build gene prediction model
The "long-orfs" program is run to identify long, non-overlapping ORFs from the total genome assembly, including all sequence scaffolds and/or contigs. These long ORFs serve as a training set to build the interpolated context model (ICM), which is used to predict CDS. The long-orfs program is run with the "-n" or "--no_header" option and the "-t 1.15" option, which specifies the cutoff for the entropy distance score used to select the training set of ORFs. The output is a list of non-overlapping ORFs.
B.2.2 Generation of interpolated context model An interpolated context model (ICM)
is built with data from the long-orfs output using the "buildicm" program with default options.
B.2.3 Glimmer3 gene prediction B.2.3.1. First iteration
The first iteration of gene finding is run with the ICM model from B.2.2 using the "glimmer3" program executed with the following parameters: "-o50 -g110 -t30 -z11 -l -X". "-o50" sets the maximum overlap between CDS to 50 nucleotides; "-g110" sets the minimum CDS length to 110 nucleotides; "-t30" sets the threshold score for CDS to 30; "-z11" determines the NCBI translation table code "11" to specify stop codons; "-l" sets the input sequence as linear, and "-X" allows CDS to extend off the end of the input FASTA sequence.
B.2.3.2 Generation of Position Weight Matrix
A Position Weight Matrix (PWM) is generated for regions upstream of start-sites using the output from B.2.3.1. First, the script "upstream-coords.awk" is run with parameters '25 0' to extract sequence regions upstream of CDS predicted in B.2.3.1. Next, the "ELPH" program is run with parameter 'LEN=6' to create a PWM from the region upstream of the CDS start sites. ELPH is a general-purpose Gibbs sampler for finding motifs in a set of DNA or protein sequences (http://www.cbcb.umd.edu/software/ELPH/). The distribution of start codons is also generated from the output of the first iteration.
B.2.3.3 Second iteration
The second iteration of glimmer3 gene finding is run with the ICM from B.2.3.1 and the PVM from B.2.3.2 with parameters "-o50 -g110 -t30 -z11 -l -X -P <number-list>". <number-list> consists of three comma-delimited values that specify the probabilities of different start codons as determined from the output of B.2.3.2. The output includes a set of putative CDS described in a .txt summary report and coordinate files of all predicted genes in the BSML format.
C. Annotation C.1. Translation of preliminary CDS into peptides All predicted protein-coding genes from all scaffolds and/or contigs are translated into peptide sequences using a wrapper to the "transeq" program from the EMBOSS package [6] with the parameters "-table 11" to specify the bacterial translation table. The "-trim 1" option is also used to eliminate trailing "X" or "*" characters from the translation. A peptide FASTA file (.fsa) is provided as the output.
C.2. CDS homology searches (round 1)
Two types of homology searches are performed to generate the evidence, which is used to assign a functional annotation to each CDS: the translated CDS are compared against the UniRef100 non-redundant protein database from UniProt (http://www.uniprot.org/) using BLASTX, and against the two protein family databases Pfam and TIGRFAM [9] , using HMMER [8] .
C.2.1. Protein comparison and pairwise alignment
For this step, the Blast-Extend-Repraze (BER) tool (http://sourceforge.net/projects/ber/) employs a two-step process that starts with a BLASTX search followed by a modified SmithWaterman alignment. The BER output is used to detect possible frameshifts and in-frame stop codons within the predicted CDS.
C.2.1.1. BLASTX protein comparison
The following parameters are used to perform BLASTX comparisons of all translated CDS against UniRef100: "-e 1e-5" (e-value cut-off), "-F T" (filter for low complexity regions), "-b 150" (show alignments for 150 database sequences), "-v 150" (show one-line descriptions for 150 database sequences), "-M BLOSUM62" (use BLAST matrix BLOSUM62).
C.2.1.2. Modified Smith-Waterman nucleotide sequence alignment
In order to identify frameshifts, in-frame stop codons and erroneous start codons the BER tool creates nucleotide sequence alignments of the CDS and the nucleotide sequence corresponding to the protein matches identified in C.2.1.1. For these sequence alignments the CDS are extended by 300 nucleotides upstream and downstream of the start and stop codon. Therefore, if there is a sequencing error or a natural mutation that has split one gene into two, the BER tool creates an alignment across those two fragments. BER is executed with the following parameters "-e 1e-5" (maximum e-value), -E 1e-5 (maximum p-value), "-n 150"
(maximum number of hits, similar to the BLAST -v option)), "-N 0" (maximum number of hits per region).
C.2.2. Protein family comparisons
Each translated CDS is searched against two database of Hidden Markov Models (HMMs) of protein and protein domain families, TIGRFAM (http://www.jcvi.org/cms/research/projects/tigrfams/) and Pfam (http://pfam.sanger.ac.uk/), using HMMER2 [8] with default parameters.
C.3. CDS overlap analysis
The results from the tRNA, rRNA and CDS gene calls together with the evidence generated through the HMM homology searches are used to remove overlapping genes either between CDS or between CDS and tRNA or rRNA genes. Only overlaps of at least 60 nucleotides are considered for resolution. When a CDS that has no homology evidence (HMM matches passing cutoff or BER alignments) overlaps with another CDS that does contain evidence, the CDS without evidence is removed. If both (or neither) of the CDS' show homology evidence, they are left in place. When a CDS overlaps with an RNA prediction, the RNA prediction is given a higher priority and the CDS is removed.
C.4. CDS homology searches (round 2)
After the automatic curation of start sites, the newly changed gene models are retranslated. These new polypeptides are then run through another set of BLASTX, HMM and BER searches to update similarity evidence for functional annotation. In addition, each polypeptide is run against the NCBI COG database using BLASTP with parameters "-e 1e-5 -F 'F' -b 500 -v 500 -M BLOSUM62".
C.5. Functional annotation
An in-house script is used to assign functional names, gene symbols, EC numbers and GO terms to each CDS based on a ranked hierarchy of evidence sources generated through the homology searches. The script considers sequence homology to TIGRFAM and PFAM HMMs and matches to the UniRef100 protein database. BER evidence is used to identify searches against UniRef100 with at least 35% sequence identity over 80% gene length. A series of naming rules are applied based on the type of HMM match. Equivalog HMM hits are most preferred and names are used without modification. For other HMM types protein names are appended with 'family protein' or 'domain protein' based on the isology type of the HMM. If the protein matches a hypothetical equivalog HMM the name will be 'conserved hypothetical protein'. The decision process that is used to determine functional annotations is identical to the one from the IGS Annotation Engine, which is described in detail elsewhere (K Galens et al. submitted).
C.5. Creation of different output files
To allow users of the pipeline to edit, visualize, and publish the annotated sequences and to submit them to the public sequence databases, the pipeline output is stored in a number of different file formats. For each annotated sequence assembly or contig .gbk and .gff files are generated, which can be opened and edited with the Artemis sequence annotation tool [13] . A .txt feature file can be loaded into the Sequin tool and used for GenBank sequence submission (http://www.ncbi.nlm.nih.gov/Sequin/index.html).
